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(57) ABSTRACT

Provided are a nanowire field-effect transistor and a method
for manufacturing the same. The nanowire field-effect tran-
sistor can enable a source region to be positioned, with
respect to an asymmetrical nanowire channel, adjacent to a
region in which the diameter of the nanowire channel is large,
can enable a drain region to be positioned adjacent to a region
in which the diameter of the nanowire channel is small, can
enable an ON current to be increased in a state in which a
threshold voltage level is kept the same, and can enable the
current drivability of a gate electrode to be improved.

13 Claims, 5 Drawing Sheets
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1
NANOWIRE FIELD-EFFECT TRANSISTOR
AND METHOD FOR MANUFACTURING
SAME

RELATED APPLICATIONS

This application is the U.S. National Stage of International
Application Number PCT/KR2013/001939, filed Mar. 11,
2013, which claims priority to and the benefit of Korean
Patent Application Number 10-2012-0025726, filed Mar. 13,
2012 and Korean Patent Application Number 10-2012-
0077624, filed Jul. 17, 2012. The entire contents of the fore-
going applications are hereby incorporated herein by refer-
ence.

TECHNICAL FIELD

The present invention relates to a nanowire field-effect
transistor and a method for manufacturing the same, and more
particularly, to a nanowire field-effect transistor that adopts a
gate-all-around structure and a method for manufacturing the
same.

BACKGROUND ART

A field-effect transistor is an essential device for electronic
components such as a currently available memory or the like.
Such a field-effect transistor has been developed in such a
manner as to reduce a size of a channel for the purpose ot high
performance and high integration. However, as a size of a
device enters a nanometer scale, a problem of performance
degradation of the device such as short channel effect has
emerged due to the limit of channel control capability of a
gate electrode.

Meanwhile, a nanowire has a linear structure with a size in
a nanometer unit, and generally has a diameter of several
nanometers to several hundreds of nanometers. In order to
take advantage of such a nanowire in ultrafine/high-efficiency
electronic components, the research and development are
underway in many institutions around the world.

When manufacturing a field-effect transistor using such a
nanowire, the size of the device may be reduced and control
capability of the gate electrode of the device may be improved
by quantum effect. Thus, it is possible to obtain effects such as
improvement of the performance of the device, a reduction in
the power consumption, and the like.

In the conventional nanowire field-effect transistor, it is a
general way to manufacture horizontally arranged nanowires
using a top-down method, which is used in an existing semi-
conductor process, as is. However, when using the horizon-
tally arranged nanowires, it is difficult to reduce an area
acquired by the device.

In addition, when manufacturing a device using nanowires
obtained in a bottom-up method that is new semiconductor
process technology, high-integration is impossible due to dif-
ficult alignment of the nanowires.

In order to solve such problems, research on a method of
achieving high-integration using nanowires arranged verti-
cally to a substrate has been actively conducted. However,
when manufacturing the vertically arranged nanowires using
the top-down method or the bottom-up method, it is difficult
to uniformly form a diameter of the nanowire.

w

10

15

20

25

40

45

50

55

60

65

2
DISCLOSURE

Technical Problem

The present invention is directed to providing a nanowire
field-effect transistor that may increase a driving current by
adopting nanowires having irregular diameters, and a method
for manufacturing the same.

Technical Solution

One aspect of the present invention provides a nanowire
field-effect transistor including: an asymmetrical nanowire
channel whose both ends have mutually different diameters;
a source region that is adjacent to a region in which the
diameter of the nanowire channel is large; a drain region that
is adjacent to a region in which the diameter of the nanowire
channel is small; a gate electrode that encloses the nanowire
channel; and a gate insulation film that is positioned between
the nanowire channel and the gate electrode.

Here, the diameter of the asymmetrical nanowire channel
may be reduced from the source region toward the drain
region.

Also, the nanowire field-effect transistor may further
include a substrate that is disposed adjacent to the source
region.

Also, the nanowire channel may be formed vertically to the
substrate.

Also, the asymmetrical nanowire channel may be made of
silicon.

Also, the diameter of the asymmetrical nanowire channel
may be 5 nm to 1 pm.

Also, the same kind of impurities may be introduced to the
source region and the drain region, and concentrations of the
introduced impurities may be mutually different.

Also, the concentration of the impurities introduced to the
drain region may be higher than the concentration of the
impurities introduced to the source region.

Also, the impurities may be boron (B), boron difluoride
(BF,), phosphorus (P), arsenic (As), or antimony (Sb).

Another aspect of the present invention provides a method
for manufacturing a nanowire field-eftect transistor includ-
ing: forming an asymmetrical nanowire whose both ends
have mutually different diameters; defining any one of a
source region and a drain region by introducing impurities at
an end of the nanowire; forming a gate insulation film so as to
enclose a part of the nanowire; forming a gate electrode so as
to enclose the gate insulation film; and defining the remaining
one of the source region and the drain region by introducing
the impurities at the other end of the nanowire.

Here, the asymmetrical nanowire may be formed in a top-
down method or a bottom-up method.

Also, concentration of the impurities introduced to the end
of the nanowire and concentration of the impurities intro-
duced to the other end thereof may be made different from
each other.

Also, concentration of the introduced impurities may be
10" em™ t0 10*' ecm™.

Advantageous Effects

According to the present invention, the nanowire field-
effect transistor can enable a source region to be positioned,
with respect to an asymmetrical nanowire channel, adjacent
to a region in which the diameter of the nanowire channel is
large, can enable a drain region to be positioned adjacent to a
region in which the diameter of the nanowire channel is small,
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can enable an ON current to be increased in a state in which a
threshold voltage level is kept the same, and can enable the
current drivability of a gate electrode to be improved.

In addition, the same kind of impurities may be introduced
to the source region and the drain region and the concentra-
tion of the introduced impurities may be adjusted, and there-
fore it is possible to design a device optimized according to
fields of applications.

The technical effects of the present invention are not lim-
ited to the aforementioned effects, and other technical effects
that are not mentioned may be definitely understood by the
person skilled in the art from the following description.

DESCRIPTION OF DRAWINGS

FIG. 1 is a perspective view showing a nanowire field-
effect transistor according to an embodiment of the present
invention;

FIG. 2 is a cross-sectional view showing a nanowire field-
effect transistor according to an embodiment of the present
invention;

FIG. 3 is a process flowchart showing a method of manu-
facturing a nanowire field-effect transistor according to an
embodiment of the present invention;

FIGS. 4(a) and 4(b) are graphs showing I-V characteristics
depending on cross-sectional areas of source and drain
regions of a nanowire field-effect transistor according to an
embodiment of the present invention;

FIG. 5 is a graph showing an ON current and a threshold
voltage of a nanowire field-effect transistor according to an
embodiment of the present invention;

FIGS. 6(a) and 6(b) are graphs showing I-V characteristics
depending on concentration of impurities of source and drain
regions of a nanowire field-effect transistor according to an
embodiment of the present invention;

FIGS. 7 (a)and 7(b) are graphs showing potential energy of
ananowire field-effect transistor according to an embodiment
of the present invention;

FIGS. 8(a) and 8(b) are graphs showing electron density of
ananowire field-effect transistor according to an embodiment
of the present invention; and

FIG. 9 is a graph showing I-V characteristics depending on
concentration of impurities of a drain region of a nanowire
field-effect transistor according to an embodiment of the
present invention.

MODES OF THE INVENTION

Hereinafter, preferred embodiments of the present disclo-
sure will be described in detail with reference to the accom-
panying drawings. However, the description proposed herein
is merely a preferable example for the purpose of illustration
only, not intended to limit the scope of the disclosure, and thus
it should be understood that other equivalents and modifica-
tions could be made thereto without departing from the spirit
and scope of the disclosure.

In the present specification, in a case in which a layer refers
to be “on” another layer or substrate, the layer may be formed
directly on the other layer or substrate, or a third layer may be
interposed therebetween. In addition, in the present specifi-
cation, expression of direction of the top, upper (part), upper
surface, or the like can be understood as a means of the
bottom, lower (part), lower surface, or the like depending on
the criteria. In other words, the representation of the spatial
direction must be understood as relative direction, and is not
limited to be construed to mean the absolute direction.
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In the drawings, for clarity, the thickness of the layer and
regions may be exaggerated or omitted. Throughout the
specification, the same reference numerals refer to the same
components.

A nanowire field-effect transistor having a structure of
gate-all-around (GAA) may have various advantages such as
achieving high integration, preventing short channel effect,
exhibiting ballistic transport characteristics, and the like, and
thereby has attracted attention.

FIG. 1 is a perspective view showing a nanowire field-
effect transistor according to an embodiment of the present
invention, and FIG. 2 is a cross-sectional view showing a
nanowire field-effect transistor according to an embodiment
of the present invention.

Referring to FIGS. 1 and 2, a substrate 10 may be disposed.
The substrate 10 may be a silicon substrate, a glass substrate,
or a plastic substrate. In particular, when the substrate 10 is a
glass substrate or a transparent plastic substrate, the substrate
10 may be used in a transparent display device. The substrate
10 may be removed later.

An asymmetrical nanowire 20 may be disposed on the
substrate 10. The asymmetrical nanowire 20 may be disposed
vertically to the substrate 10. The asymmetrical nanowire 20
may be a nanowire whose both ends have mutually different
diameters. As an example, the diameter of the asymmetrical
nanowire 20 may be reduced from a lower portion of the
asymmetrical nanowire 20 adjacent to the substrate 10 toward
an upper portion thereof.

The diameter of the asymmetrical nanowire 20 may be
sequentially increased or reduced toward an upper portion of
the substrate 10 within a range of 5 nm to 1 um.

The asymmetrical nanowire 20 may include a nanowire
channel 22, and a source region 24 and a drain region 26
positioned on both sides of the nanowire channel 22. That is,
the source region 24 and the drain region 26 may be posi-
tioned at both ends with respect to the nanowire channel 22.

The length of the nanowire channel 22 may be 5 nm to 1
um. The source region 24 may be adjacent to a region in which
the diameter of the nanowire channel 22 is large. On the other
hand, the drain region 26 may be adjacent to a region in which
the diameter of the nanowire channel 22 is small.

The asymmetrical nanowire 20 may be easily formed using
factors in the process such as undercut by isotropic etching
that occurs due to characteristics of an etching mechanism,
and the asymmetrical nanowire 20 may be formed to have a
diameter smaller than a diameter of a lithographic pattern that
can be formed. In this instance, the region in which the diam-
eter of the asymmetrical nanowire 20 is large may be used as
the source region 24, and the region in which the diameter of
the asymmetrical nanowire 20 is small may be used as the
drain region 26. The drain region may be connected to a drain
transmission line 50.

As an example, the asymmetrical nanowire 20 may be
made of silicon. The nanowire channel 22 has unique semi-
conductor characteristics, and the source region 24 and the
drain region 26 may be a doping region in which concentra-
tion of impurities is higher than that in the nanowire channel
22.

The doping may be performed in such a manner that impu-
rities are introduced to the source region 24 and the drain
region 26. The impurities may be boron (B), boron difluoride
(BF,), phosphorus (P), arsenic (As), or antimony (Sb), but are
not limited thereto.

The same kind of impurities may be introduced to the
source region 24 and the drain region 26. However, the con-
centrations of the introduced impurities may be set to be
mutually different. That is, the source region 24 and the drain
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region 26 may have a different concentration of impurities. In
this instance, the concentration of the introduced impurities
may be selected from 10'7 cm™ to 10** cm™.

A gate electrode 40 may be disposed so as to enclose the
nanowire channel 22. Thus, the gate electrode 40 may have a
structure of gate-all-around (GAA).

The gate electrode 40 may be made of a conductive mate-
rial. As an example, the gate electrode 40 may be constituted
of a semiconductor in which impurities with high concentra-
tion are introduced. For example, the gate electrode 40 may
be made of silicon. In addition, the gate electrode 40 may be
made of a metal. For example, the gate electrode 40 may be
made of aluminum (Al), titanium (T1), niobium (Nb), nickel
(Ni), chromium (Cr), gold (Au), platinum (Pt), palladium
(Pd), copper (Cu), tungsten (W), or an alloy thereof.

A gate insulation film 30 may be positioned between the
nanowire channel 22 and the gate electrode 40. The gate
insulation film 30 may be a silicon oxide film or a silicon
nitride film. In addition, the gate insulation film 30 may be a
high dielectric constant (high-k) film. For example, the gate
insulation film 30 may be Al,O;, TiO,, ZrO,, HfO,, La,0;,
Nb,Os, CeO,, Bi,Si,0,,, Y,0,, LaAlO;, or Ta,Os.

FIG. 3 is a process flowchart showing a method of manu-
facturing a nanowire field-effect transistor according to an
embodiment of the present invention.

Referring to FIG. 3, in operation 5100, the asymmetrical
nanowire 20 is formed on the substrate 10. The asymmetrical
nanowire 20 may be formed vertically to the substrate 10.

The substrate 10 may be a silicon substrate, a glass sub-
strate, or a plastic substrate.

The asymmetrical nanowire 20 may be made of silicon.

The asymmetrical nanowire 20 may be formed in such a
manner that both ends of the asymmetrical nanowire 20 have
mutually different diameters. As an example, the diameter of
the asymmetrical nanowire 20 may be reduced from a lower
portion of the asymmetrical nanowire 20 adjacent to the sub-
strate 10 toward an upper portion thereof.

The asymmetrical nanowire 20 may be formed in a top-
down method or a bottom-up method. The top-down method
may include lithography and etching. The lithography may be
photolithography, electron beam lithography, or nanoimprint
lithography, but is not limited thereto. In addition, the etching
may be dry etching using plasma or wet etching using an
etching solution, but is not limited thereto.

On the other hand, the bottom-up method includes a vapor
liquid solid (VLS) method, a method of using electrochemi-
cal techniques, and a method of forming a silicon channel
layer on a template with an uneven structure which is formed
in advance by a chemical vapor deposition method. In this
instance, alignment of the nanowires may be carried out by
self-assembly of a single molecule or a molecular manipula-
tion method, but is not limited thereto.

Next, in operation 5200, impurities are introduced to an
end of the asymmetrical nanowire 20. Any one of the source
region and the drain region may be defined through the intro-
duction of the impurities. As an example, the end of the
asymmetrical nanowire 20 may be a lower portion 24 of the
asymmetrical nanowire 20 adjacent to the substrate 10.

The introduction of the impurities may be carried out
through thermal diffusion, ion implantation, or plasma dop-
ing, but is not limited thereto. The impurities may be intro-
duced in a variety of methods that are commonly used.

As the impurities, boron (B), boron difluoride (BF,), phos-
phorus (P), arsenic (As), or antimony (Sb) may be used. The
impurities may be introduced at a concentration of approxi-
mately 10*” em™ to 10*! ecm ™.
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Next, in operation 5300, the gate insulation film 30 is
formed so as to enclose a part of the asymmetrical nanowire
20. As an example, the gate insulation film 30 may be formed
in a region excluding a region in which the impurities are
introduced in advance from the asymmetrical nanowire 20 or
a predetermined region of the both ends to which the impu-
rities are introduced.

The gate insulation film 30 may be a silicon oxide film, a
silicon nitride film, or a high dielectric constant (high-k) film.
The gate insulation film 30 may be formed using a chemical
vapor deposition (CVD) method, a plasma-enhanced chemi-
cal vapor deposition (PECVD) method, or an atomic layer
deposition (ALD) method.

Next, in operation S400, the gate electrode 40 is formed so
asto enclose the gate insulation film 30. The gate electrode 40
may be made of a conductive material. The gate electrode 40
may be formed using a sputtering method, an electron beam
evaporation method, or a thermal deposition method.

Next, in operation S500, the impurities are introduced to
the other end of the asymmetrical nanowire 20. Through the
introduction of the impurities, any one of the source region
and the drain region may be defined. As an example, the other
end of the asymmetrical nanowire 20 may be an upper portion
26 of the asymmetrical nanowire 20 that extends vertically
from the substrate 10.

The introduction of the impurities may be carried out
through thermal diffusion, ion implantation, or plasma dop-
ing, but is not limited thereto. The impurities may be intro-
duced in a variety of methods that are commonly used.

As the impurities, boron (B), boron difluoride (BF,), phos-
phorus (P), arsenic (As), or antimony (Sb) may be used. The
impurities may be introduced at a concentration of approxi-
mately 10*” em™ to 10*! ecm™.

The same kind of impurities may be introduced to the lower
and upper portions 24 and 26 of the asymmetrical nanowire
20. However, the concentrations of the introduced impurities
may be set to be mutually different.

FIGS. 4(a) and 4(b) are graphs showing I-V characteristics
depending on cross-sectional areas of source and drain
regions of a nanowire field-effect transistor according to an
embodiment of the present invention. FIG. 4(a) is a linear
region (V,=0.05V), and FIG. 4(b) is a saturation region
Vp=1V).

In FIGS. 4(a) and 4(b), results obtained by performing
computer simulation on current-voltage of each of a case in
which a diameter of 9 nm of the nanowire channel adjacent to
the source region and a diameter of 9 nm of the nanowire
channel adjacent to the drain region are the same (SG 1,
D=9 nm), a case in which a diameter of 12 nm of the
nanowire channel adjacent to the source region and a diam-
eter of 12 nm of the nanowire channel adjacent to the drain
region are the same (SG 2, D,,;=12 nm), a case in which a
diameter of 12 nm of the nanowire channel adjacent to the
source region is different from a diameter of 9 nm of the
nanowire channel adjacent to the drain region (WSND), and
a case in which a diameter of 9 nm of the nanowire channel
adjacent to the source region is different from a diameter of 12
nm of the nanowire channel adjacent to the drain region
(NSWD) are shown.

Referring to FIGS. 4(a) and 4(b), a current level of WSND
and NSWD is positioned between SG1 and SG2. In addition,
the ON current of each of WSND and NSWD is increased
than that of SG1.

In the linear region (see FIG. 4(a)), the currents of WSND
and NSWD exhibit almost the same characteristics. However,
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in the saturation region (see FIG. 4(b)), it can be seen that
there is a difference between the currents of WSND and
NSWD.

In the case of the saturation region (see FIG. 4(b)), it can be
seen that a similar current level is shown at a high voltage of
approximately 2 V, but current driving force at a voltage of 1
V to 2 V is higher in WSND than that in NSWD. As an
example, when a gate voltage (V,) is 1V in the saturation
region (see FIG. 4(b)), it can be seen that the current of
WSND is higher by 50% or greater than the current of
NSWD. Thus, in the saturation region (see FIG. 4(5)), it can
be seen that driving capability of the gate electrode after a
threshold voltage (approximately 0.5 V) is improved.

FIG. 5 is a graph showing an ON current (I ) and a thresh-
old voltage (V,;,) of a nanowire field-effect transistor accord-
ing to an embodiment of the present invention. In FIG. 5,
results in which the ON current and the threshold voltage are
extracted by performing computer simulation in such a man-
ner that any one of the diameters of the nanowire channel
adjacent to the source region and the drain region is fixed as
12 nm and the other one thereof is changed from 7 nm up to
12 nm are shown. A case in which the diameter of the nanow-
ire channel adjacent to the source region is large is repre-
sented as WSND and a case in which the diameter of the
nanowire channel adjacent to the source region is small is
represented as NSWD. In this instance, a threshold voltage
was extracted through a constant current method, and an ON
current was measured in the saturation region (V,=1.5V,
V,=1V) as a drain current at a gate voltage of the threshold
voltage or greater.

Referring to FIG. 5, it can be seen that the transition of the
variation of the threshold voltage of WSND and NSWD are
almost the same. This may be because the threshold voltage is
determined in accordance with an amount of inverted charges
and the inverted charges are controlled only by the gate elec-
trode.

On the other hand, in the ON current, it can be seen that
there is a large difference between WSND and NSWD. The
ON current of NSWD is rapidly reduced compared to that of
WSND.

Thus, in order to increase the ON current in a state in which
athreshold voltage level of a device is kept the same as that of
an existing device and to improve current driving capability
of'the gate electrode, the device may be designed considering
the asymmetrical nanowire in which the diameter of the
nanowire is irregular. In this instance, it is preferably that the
source region be positioned in a region in which the diameter
of'the asymmetrical nanowire is large and the drain region be
positioned in a region in which the diameter of the asymmetri-
cal nanowire is small.

A process of manufacturing such an asymmetrical nanow-
ire may be readily performed using factors in the process such
as undercut by isotropic etching that occurs due to character-
istics of an etching mechanism and the nanowire may be
formed to have a diameter smaller than a diameter of a litho-
graphic pattern that can be formed, and therefore there are
advantages in the performance improvement of the device.

FIGS. 6(a) and 6(b) are graphs showing I-V characteristics
depending on concentration of impurities of source and drain
regions of a nanowire field-effect transistor according to an
embodiment of the present invention. FIG. 6(a) is a linear
region (V,=0.05 V), and FIG. 6(b) is a saturation region
(Vp=1V).

In FIGS. 6(a) and 6(b), results obtained by performing
computer simulation on a device (WSND) in which the diam-
eter of the nanowire channel adjacent to the source region is
12 nm and the diameter of the nanowire channel adjacent to
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8

the drain region is 9 nm while changing concentrations of
impurities of the source region and the drain region are
shown.

In this instance, in the device, a case in which the concen-
tration of 10'° cm™> of impurities of the source region and the
concentration of 10'° cm™ of impurities of the drain region
are the same is represented as SD, a case in which the con-
centration of 10'° cm™ of impurities of the source region is
smaller than the concentration of 10°° cm™ of impurities of
the drain region is represented as LSHD, and a case in which
the concentration of 10°° cm® of impurities of the source
region is larger than the concentration of 10'° ¢cm® of impu-
rities of the drain region is represented as HSLD.

Referring to FIGS. 6(a) and 6(5), in the linear region (see
FIG. 6(a)) and the saturation region (see FIG. 6(5)), it can be
seen thata current level of LSHD and a current level of HSLD
are higher than a current level of SD. That is, a case in which
the concentrations of the impurities introduced to the source
region and the drain region are different from each other
exhibits a higher current level than that in a case in which the
concentrations of the impurities introduced to the source
region and the drain region are the same. This may be because
a high doping concentration leads to a reduction in series
resistance.

In a case of HSLD, it can be seen that overall current
characteristics such as the slope of the graph are similar to
those of SD. However, the ON current of HSLD is signifi-
cantly increased than that of SD.

In a case of LSHD, it can be seen that the ON current is
slightly smaller than that of HSLD, but is larger than that of
SD. In addition, in the case of LSHD, it can be seen that a
current value is significantly steeply increased along with an
increase in the gate voltage (V). In this case, the operating
speed of the device may be significantly suitable for a switch-
ing operation.

FIGS. 7 (a) and 7(b) are graphs showing potential energy of
ananowire field-effect transistor according to an embodiment
of'the present invention. FIG. 7(a) is a linear region (V ,=0.05
V), and FIG. 7(b) is a saturation region (V=1 V).

FIGS. 8(a) and 8(5) are graphs showing electron density of
ananowire field-effect transistor according to an embodiment
of'the present invention. FIG. 8(a) is a linear region (V ,=0.05
V), and FIG. 8(4) is a saturation region (V,=1 V).

In FIGS. 7(a) to 8(b), in order to explain the phenomenon
of FIG. 6, results obtained by performing computer simula-
tion on a device in which the diameter of the nanowire chan-
nel adjacent to the source region is 12 nm and the diameter of
the nanowire channel adjacent to the drain region is 9 nm
while changing the concentrations of impurities of the source
region and the drain region are shown.

In this instance, in the device, a case in which the concen-
tration of 10'® cm™ of impurities of the source region and the
concentration of 10'° cm™ of impurities of the drain region
are the same is represented as SD, a case in which the con-
centration of 10'° cm™ of impurities of the source region is
smaller than the concentration of 10°° cm™ of impurities of
the drain region is represented as LSHD, and a case in which
the concentration of 10?° cm™ of impurities of the source
region is larger than the concentration of 10'° cm™ of impu-
rities of the drain region is represented as HSLD.

Referring to FIGS. 6(a), 7(a), and 8(a), there is a slight
difference in the sizes of the potential energy (see FI1G. 7(a))
in the linear region, but distribution of the potential energy
shows a tendency similar to each other regardless of the
concentrations of impurities of the source region and the drain
region.
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On the other hand, the profiles of the electron density (see
FIG. 8(a)) show very similar to each other regardless of the
concentrations of impurities of the source region and the drain
region. However, in a position of O nm or less, it can be seen
that an amount of electrons introduced from the source into
the channel is increased along with an increase in the concen-
tration of impurities of the source region.

In the linear region, the total current may be determined in
accordance with a drift current. The drift current is in propor-
tion to the density of the electrons introduced from the source
into the channel and an electric field applied to the channel.
Thus, as shown in FIG. 6(a), a difference in the current levels
is shown. That is, HSL.D has a larger current level than that in
SD and LSHD.

Meanwhile, referring to FIGS. 6(5), 7(b), and 8(5), it can
be seen that there is a large difference in distributions (see
FIG. 7(b)) of the potential energy in the saturation region in
cases of SD, LSHD, and HSLD.

It can be seen that LSHD shows a sudden voltage drop
within the channel due to low resistance of the drain region
compared to SD or HSLD. This may lead to a large electric
field, and therefore it can be seen that the drift current by the
electric field is increased in the case of LSHD.

The saturation region may be affected by a diffusion cur-
rent in addition to the drift current. As shown in FIG. 8(5), the
profile of the electron density shows the diffusion current that
flows in a direction opposite to that of the total current.

As can be seen from the slope of the graph, LSHD is least
affected by the diffusion current. Thus, LSHD may have a
high sensitivity to control the gate electrode by a large internal
electric field and a small diffusion current. However, since the
concentration of impurities introduced to the source region is
small, the amount of electrons introduced from the source
region is limited, and therefore the ON current is maintained
at a predetermined level.

In the case of HSLD, it can be seen that a voltage drop
within the channel is lowest even though HSLD has the same
drain concentration as that of SD. Thus, the internal electric
field within the channel is also lowest. However, in the case of
HSLD, the amount of the electrons introduced from the
source into the channel is larger by at least 50% than that in
other cases, and therefore the drift current is shown very large.

In addition, in the case of HSLD, in the distribution (see
FIG. 8(5)) of the electron density, the electric field flows in the
opposite direction due to a sudden change of the electron
density even though the amount of the electrons introduced in
a position of 0 nm or less is large, and therefore the diffusion
current is increased than that of LSHD.

Thus, HSLD may be affected by both the drift current and
the diffusion current, and as shown in FI1G. 6(5), HSLD shows
the ON current level larger than that in other cases.

That is, due to a difference in the concentrations of impu-
rities of the source region and the drain region which are
adjacent to the nanowire channel, the saturation region may
be affected simultaneously by the internal electric field by the
potential energy distribution, the drift current by the amount
of the electrons introduced from the source, and the diffusion
current that flows in the direction opposite to an external
electric field by an electron density gradient.

Thus, in the case of LSHD in which the concentration of
impurities of the drain region is higher than the concentration
of impurities of the source region, an increase in the drift
current due to an increase in the internal electric field of the
channel may act predominantly. The change in the internal
electric field of the channel may determine switching charac-
teristics of the device, and therefore the current drivability of
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the gate electrode may be improved after a threshold voltage
of'the device compared to other cases in the saturation region.

On the other hand, in the case of HSLD in which the
concentration of impurities of the source region is higher than
the concentration of impurities of the drain region, the drift
current by the amount of the electrons introduced from the
source and the diffusion current that flows in the direction
opposite to the external electric field by the electron density
gradient act simultaneously, whereby the ON current may be
increased.

FIG. 9 is a graph showing I-V characteristics depending on
concentration of impurities of a drain region of a nanowire
field-effect transistor according to an embodiment of the
present invention.

InFIG. 9, in a device in which the diameter of the nanowire
channel adjacent to the source region is 12 nm and the diam-
eter of the nanowire channel adjacent to the drain region is 9
nm, results obtained by performing computer simulation on a
current-voltage transmission characteristic curve in the satu-
ration region in such a manner that the concentration (N )
of impurities of the source region is fixed as 10'° cm ™ and the
concentration (N,z,) of impurities of the drain region is
changed to 1x10"® ecm™ (SD), 2x10* cm™ (LSHD 1),
5x10* em™ (LSHD 2), and 1x10%*° cm™ (LSHD 3), respec-
tively are shown.

Referring to FIG. 9, it can be seen that a phenomenon
(HSLD) in which the ON current is increased in the saturation
region shown in FIG. 6 occurs even in cases of LSHD1 and
LSHD?2 in which the difference in the concentrations of impu-
rities of the source region and the drain region is small.

Thus, when desiring to obtain a larger ON current, the
concentration of impurities of the drain region lower than the
concentration of impurities of the source region is introduced,
or even in a case in which the concentration of impurities of
the source region is larger than the concentration of impurities
of the drain region, the difference in the concentrations of
impurities may be designed to be small.

In addition, when desiring to obtain current drivability of
the gate electrode after the more improved threshold voltage,
the concentration of impurities of the drain region may be
designed to be larger than the concentration of impurities of
the source region.

That is, by adjusting the concentrations of impurities of the
source region and the drain region, the device having charac-
teristics suitable for the field of applications may be designed.

In this specification, exemplary embodiments of the
present invention have been classified into the first, second,
and third exemplary embodiments and described for concise-
ness. However, respective steps or functions of an exemplary
embodiment may be combined with those of another exem-
plary embodiment to implement still another exemplary
embodiment of the present invention.

While the invention has been shown and described with
reference to certain exemplary embodiments thereof, it will
be understood by those skilled in the art that various changes
in form and details may be made therein without departing
from the spirit and scope of the invention as defined by the
appended claims.

THE DESCRIPTION OF REFERENCE
NUMERALS OF THE MAIN ELEMENTS IN
DRAWINGS

10: Substrate

20: Asymmetrical nanowire
22: Nanowire channel

24: Source region
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26: Drain region
30: Gate insulation film
40: Gate electrode

The invention claimed is:

1. A nanowire field-effect transistor comprising:

an asymmetrical nanowire channel whose both ends have

mutually different diameters;

a source region that is adjacent to a region in which the

diameter of the nanowire channel is large;

a drain region that is adjacent to a region in which the

diameter of the nanowire channel is small;

a gate electrode that encloses the nanowire channel; and

agate insulation film thatis positioned between the nanow-

ire channel and the gate electrode.

2. The nanowire field-effect transistor according to claim 1,
wherein the diameter of the asymmetrical nanowire channel
is reduced from the source region toward the drain region.

3. The nanowire field-effect transistor according to claim 1,
further comprising

a substrate that is disposed adjacent to the source region.

4. The nanowire field-effect transistor according to claim 3,
wherein the nanowire channel is formed vertically to the
substrate.

5. The nanowire field-effect transistor according to claim 1,
wherein the asymmetrical nanowire channel is made of sili-
con.

6. The nanowire field-effect transistor according to claim 1,
wherein the diameter of the asymmetrical nanowire channel
is Snmto 1 pm.

7. The nanowire field-effect transistor according to claim 1,
wherein the same impurities are introduced to the source
region and the drain region, and concentrations of the intro-
duced impurities are mutually different.
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8. The nanowire field-effect transistor according to claim 7,
wherein the concentration of the impurities introduced to the
drain region is higher than the concentration of the impurities
introduced to the source region.

9. The nanowire field-effect transistor according to claim 7,
wherein the impurities are boron (B), boron difluoride (BF,),
phosphorus (P), arsenic (As), or antimony (Sb).

10. A method for manufacturing a nanowire field-effect
transistor comprising:

forming an asymmetrical nanowire whose both ends have

mutually different diameters;

defining any one of a source region and a drain region by

introducing impurities at an end of the nanowire;
forming a gate insulation film so as to enclose a part of the
nanowire;

forming a gate electrode so as to enclose the gate insulation

film; and

defining the remaining one of the source region and the

drain region by introducing the impurities at the other
end of the nanowire.

11. The method for manufacturing the nanowire field-ef-
fect transistor according to claim 10, wherein the asymmetri-
cal nanowire is formed in a top-down method or a bottom-up
method.

12. The method for manufacturing the nanowire field-ef-
fect transistor according to claim 10, wherein concentration
of the impurities introduced to the end of the nanowire and
concentration of the impurities introduced to the other end
thereof are made different from each other.

13. The method for manufacturing the nanowire field-ef-
fect transistor according to claim 10, wherein concentration
of the introduced impurities is 10'” cm™ to 10*! cm™.

#* #* #* #* #*



